Background: Surgical treatment of both-column acetabular fractures is challenging because of the complex acetabular fracture patterns and the curved surface of the acetabulum. Seldom study has compared the application of three-dimensional (3D) printing technology and traditional methods of contouring plates intra-operatively for the surgical treatment of both-column acetabular fractures. We presented the use of both 3D printing technology and a virtual simulation in pre-operative planning for both-column acetabular fractures. We hypothesized that 3D printing technology will assist orthopedic surgeons in shortening the surgical time and improving the clinical outcomes. Methods: Forty patients with both-column acetabular fractures were recruited in the randomized prospective case-control study from September 2013 to September 2017 for this prospective study (No. ChiCTR1900028230). We allocated the patients to two groups using block randomization (3D printing group, n = 20; conventional method group, n = 20). For the 3D printing group, 1:1 scaled pelvic models were created using 3D printing, and the plates were pre-contoured according to the pelvic models. The plates for the conventional method group were contoured during the operation without 3D printed pelvic models. The operation time, instrumentation time, time of intra-operative fluoroscopy, blood loss, number of times the approach was performed, blood transfusion, post-operative fracture reduction quality, hip joint function, and complications were recorded and compared between the two groups. Results: The operation and instrumentation times in the 3D printing group were significantly shorter (130.8 ± 29.2 min, t = À7.5, P < 0.001 and 32.1 ± 9.5 min, t = À6.5, P < 0.001, respectively) than those in the conventional method group. The amount of blood loss and blood transfusion in the 3D printing group were significantly lower (500 [400, 800] mL, Mann-Whitney U = 74.5, P < 0.001 and 0 [0,400] mL, Mann-Whitney U = 59.5, P < 0.001, respectively) than those in the conventional method group. The number of the approach performed in the 3D printing group was significantly smaller than that in the conventional method group (pararectus + Kocher-Langenbeck [K-L] approach rate: 35% vs. 85%; x 2 = 10.4, P < 0.05). The time of intra-operative fluoroscopy in the 3D printing group was significantly shorter than that in the conventional method group (4.2 ± 1.8 vs. 7.7 ± 2.6 s; t = À5.0, P < 0.001). The post-operative fracture reduction quality in the 3D printing group was significantly better than that in the conventional method group (good reduction rate: 80% vs. 30%; x 2 = 10.1, P < 0.05). The hip joint function (based on the Harris score 1 year after the operation) in the 3D printing group was significantly better than that in the conventional method group (excellent/good rate: 75% vs. 30%; x 2 = 8.1, P < 0.05). The complication was similar in both groups (5.0% vs. 25%; x 2 = 3.1, P = 0.182). Conclusions: The use of a pre-operative virtual simulation and 3D printing technology is a more effective method for treating bothcolumn acetabular fractures. This method can shorten the operation and instrumentation times, reduce blood loss, blood transfusion and the time of intra-operative fluoroscopy, and improve the post-operative fracture reduction quality.
Introduction
Both-column acetabular fractures are the most serious and the second most common type of acetabular fractures. Approximately 21% of all acetabular fractures involving both columns of the acetabulum require good reduction and stable internal fixation to prevent post-traumatic arthritis and obtain excellent clinical outcomes. [1] Surgical treatment of both-column acetabular fractures is challenging because of the complex acetabular fracture patterns and curved surface of the acetabulum. In a traditional operation for acetabular fractures, the limited number of anterior approaches available (ilioinguinal or modified Stoppa) and contouring of the plates during the surgery result in an increase in the operation time and blood loss. Moreover, intra-operative contouring may reduce the quality of the reduction.
Three-dimensional (3D) printing technology is developing rapidly and is broadly used in clinical applications because it is easily accessible in terms of the equipment and cost. [2] [3] [4] [5] Pre-operative virtual simulations can help a surgeon understand the shape of the fracture fragments and simulate the reduction of the fracture, especially in complex acetabular fractures. [6] [7] [8] [9] [10] [11] [12] The 3D printed, 1:1 scaled pelvic models can be used in the pre-contouring of the plates. [13] [14] [15] In addition, the pre-contoured plates can be used to achieve anatomical reduction of acetabular fractures.
Prior studies have revealed that the application of 3D printing technology in the surgical treatment of acetabular fractures can significantly reduce the operation time and blood loss but cannot obtain a fracture reduction of significantly better quality. [2, [16] [17] [18] Many factors, such as the type of the acetabular fracture and the operation level of the orthopedic surgeon, may affect the clinical outcomes reported in these studies. Shon et al [19] reported five cases of both-column acetabular fractures treated with the use of 3D-printed models, and all of them achieved good-toexcellent reduction and good medium-term functional outcomes. Chen et al [20] reported 52 cases of bicolumnar acetabular fractures (including "T" shaped fractures, anterior column + posterior hemi-transverse fractures and both-column fractures) treated with and without 3D printing technology, and they achieved similar clinical outcomes as those reported in previous studies. However, few studies have focused on the types of acetabular fractures. Seldom study has compared the application of 3D printing technology and traditional methods of contouring plates intra-operatively for the surgical treatment of both-column acetabular fractures. We hypothesized that 3D printing technology will assist orthopedic surgeons in shortening the operation time and improving the clinical outcomes, such as the post-operative fracture reduction quality, hip joint function, and complication rate.
Methods

Ethical approval
Ethical approval was obtained from the Ethics Review Board of The Third Affiliated Hospital of Southern Medical University (No. 201304002). Informed consent forms were duly signed by each patient included in the study.
Patients
A total of 40 patients diagnosed with both-column acetabular fractures were included in the randomized prospective case-control study from September 2013 to September 2017. Twenty patients were allocated to the 3D-printing group, and the other 20 patients were allocated to the conventional method group using block randomization.
The inclusion criteria were (1) an age of 18 to 70 years, (2) the presence of a both-column acetabular fracture according to the Letournel-Judet classification, and (3) a lapse of fewer than 3 weeks from the injury. The exclusion criteria were (1) an age of <18 years, (2) another type of acetabular fracture according to the Letournel-Judet classification, [21] (3) an open fracture of the acetabulum, and (4) a lapse of more than 3 weeks from the injury.
Virtual simulation and 3D printing
The computed tomography images of each patient's pelvis were saved as DICOM (Digital Imaging and Communication in Medicine) files and imported into the 3D image processing software (MIMICS, version 15; Materialise, Leuven, Belgium). The masks of the fracture fragments were selected using the Edit in 3D function. The 3D models of the fracture fragments were calculated using the Calculate 3D from Mask function [ Figure 1A ]. The fracture fragments were reduced anatomically using the reposition function [ Figure 1B ]. The anatomically reduced 3D model of the fractured hemi-pelvis was exported as a binary stereolithography (STL) file, which was imported into Magics 21.0 software (Materialise) for fixing and support generation [ Figure 1C and 1D]. The reduced hemi-pelvis model that was exported as an STL file was sent to the 3D printer (Prismlab Rapid400; Prismlab, Shanghai, China) for 3D printing. The plates were pre-contoured, and the length of the screws was measured using the 3D printed reduced hemi-pelvis model. After the surgical simulation, the precontoured anatomic plates and screws were disinfected. All the software and 3D printing procedures were performed by a single experienced 3D-printing engineer.
Surgical technique
The combination of the pararectus approach and Kocher-Langenbeck (K-L) approach or the pararectus approach alone was used for the patients included in this study [ Figure 2A and 2B].
In the 3D printing group, the disinfected pre-contoured anatomic plates and screws were set in the position designated pre-operatively after the fracture reduction [ Figure 2C ]. In the conventional method group, the plates were contoured, and the lengths of the screws were measured after the fracture reduction. Fluoroscopy was performed before closure to confirm the adequacy of the procedure [ Figure 2D ].
The rehabilitation protocol was initiated the first day after surgery, and it included active range of motion of the injured hip and isometric quadriceps strengthening. Nonweight bearing activities were allowed 4 weeks after the operation, partial weight bearing was allowed at 6 weeks according to the follow-up radiographs, and full weight bearing was allowed at 3 months.
Evaluation
The operation time was considered the time from the skin incision to closure. The instrumentation time was considered the time from the plate configuration adjustments to implantation of the last screw. The number of the approach was recorded, and the pararectus + K-L approach rate was calculated and compared between the two groups. The time of intra-operative fluoroscopy was defined as the total duration of fluoroscopy before skin closure. Blood loss was recorded by calculating the amount of blood in the suction bottle and in the used gauze. Blood transfusion and time of bone union in both groups were also compared. The post-operative plain radiographs were evaluated by two experienced orthopedic surgeons. The evaluation criteria of the quality of reduction were as follows: a displacement of <2 mm was considered good, and a displacement of ≥2 mm was considered fair. The function of the hip joint was assessed according to the Harris score 1 year after the operation. [22] The function of the hip joint was considered excellent/good (Harris score of ≥80 points) or fair/poor (Harris score of <80 points). The complications included heterotopic ossification, an inflammatory response, iatrogenic neurological symptoms, and traumatic arthritis. Images of one patient in the 3D printing group are shown in Figure 3 .
Statistical analysis
SPSS statistical software (version 20.0; SPSS, Inc., Chicago, IL, USA) was used for all the statistical analyses. Continuous variables were analyzed using an independent-samples t test.
Variables with non-normal distributions were analyzed using the Mann-Whitney test. Categorical variables with expected values of greater than 5 were evaluated using the Chi-squared test, while categorical variables with expected values of less than 5 were evaluated using Fisher's exact test. A P < 0.05 was considered the significance level for all of the statistical tests.
Results
Demographic and clinical data
The demographics were comparable between the groups (age: t = 1.6, P > 0.05; sex: x 2 = 0.4, P > 0.05). There was Figure 1 : The 3D models of the fracture fragments were calculated using the calculate 3D from Mask function (A). The fracture fragments were reduced anatomically using the reposition function (B). The anatomically reduced 3D models of the fractured hemi-pelvis were exported as binary STL format files, which were imported into Magics 21.0 software (Materialise, Belgium) for fixing and support generation (C and D). 3D: Three-dimensional; STL: Stereolithography.
Chinese Medical Journal 2020;133 (4) www.cmj.org Chinese Medical Journal 2020;133(4) www.cmj.org no significant difference in associated injuries between the groups (x 2 = 1.1, P > 0.05). The mean times from injury to operation were 9.2 ± 3.8 and 8.8 ± 3.7 days in the 3D printing and conventional method groups, respectively (t = 0.3, P > 0.05). The average follow-up durations were 40.0 ± 14.5 and 45.2 ± 15.2 months in the 3D printing and conventional method groups, respectively (t = À1.1, P > 0.05) [ Table 1 ].
Intra-operative clinical outcomes
The operation time in the 3D printing group was significantly shorter than that in the conventional method group (130.8 ± 29.2 vs. 206.3 ± 34.6 min; t = À7.5, P < 0.001). The instrumentation time in the 3D printing group was significantly shorter than that in the conventional method group (32.1 ± 9.5 vs. 57.9 ± 15.1 min; t = À6.5, P < 0.001). The amounts of blood loss and blood transfusion in the 3D printing group were significantly lower (500 [400, 800] mL, Mann-Whitney U = 74.5, P < 0.001 and 0 (0, 400) mL, Mann-Whitney U = 59.5, P < 0.001, respectively) than those in the conventional method group. The number of the approach in the 3D printing group was significantly smaller than that in the conventional method group (pararectus + K-L approach rate: 35% vs. 85%; x 2 = 10.4, P < 0.05). The time of intra-operative fluoroscopy in the 3D printing group was significantly shorter than that in the conventional method group (4.2 ± 1.8 vs. 7.7 ± 2.6 s; t = À5.0, P < 0.001) [ Table 2 ].
Post-operative evaluation
The post-operative fracture reduction quality in the 3D printing group was significantly better than that in the conventional method group (good reduction rate: 80% vs. 30%; x 2 = 10.1, P < 0.05). The hip joint function in the 3D printing group was significantly better than that in the conventional method group (excellent/good rate: 75% vs. 30%; x 2 = 8.1, P < 0.05) [ Table 2 ]. 
Complications
In the 3D printing group, one patient suffered heterotopic ossification 2 months after the operation. In the conventional method group, two patients suffered an inflammatory response, one patient had heterotopic ossification 1 month after the operation, one patient had iatrogenic neurological symptoms that resolved 5 months after the operation, and one patient had post-traumatic arthritis. The complication rate was similar in both groups (5% vs. 25%; x 2 = 3.1, P = 0.182) [ Table 2 ].
Discussion
Prior studies have documented the effectiveness of preoperative virtual simulations and 3D printing techniques in the surgical treatment of acetabular fractures in reducing the operation time and blood loss. [2, [16] [17] [18] 20] Maini et al [17] reported a randomized prospective case-control study that included 21 patients with acetabular fractures and concluded that the pre-contoured plates made using patient-specific 3D printed pelvic models were better than the plates contoured intra-operatively. Zeng et al [15] reported that a combination of 3D printing and computer-assisted virtual surgical procedures can significantly improve the clinical outcomes of patients with acetabular fractures. Merema et al [6] showed that 3D printed patientspecific plates and drilling templates are feasible, effective, and safe for the surgical treatment of acetabular fractures. Hsu et al [2] demonstrated the effectiveness of pre-operative virtual simulations and 3D printing techniques for the surgical treatment of 29 patients with acetabular fractures in shortening the surgical duration and reducing the blood loss. Li et al [16] reported a retrospective study that included 16 patients diagnosed with traumatic dislocation of the hip joint combined with acetabular fractures and demonstrated that the combination of 3D printing techniques and computer-assisted simulations using pre-contoured plates is effective for the surgical treatment of acetabular fractures. Chen et al. [20] reported a retrospective study that included 52 cases of bicolumnar acetabular fractures and found that computer-assisted virtual simulations and 3D printing techniques are clinically relevant in the surgical treatment of complicated acetabular fractures. Shon et al [19] reported five cases of both-column acetabular fractures treated with the use of 3D-printed models, and all of them achieved good-to-excellent reduction and good medium-term functional outcomes. Wan et al [18] reported a retrospective study that included 96 patients with acetabular fractures and revealed that the combination of 3D printing techniques and computer-assisted simulations can remarkably improve the accuracy and safety of the clinical operation.
However, these studies had either a small sample size or did not compare the same types of acetabular fractures.
Most of the previous studies used 3D models of the pelvis mirrored from the healthy side to contour the plates preoperatively, which could not simulate the actual shape of the fracture fractured fragments. [2, 16] The K-L approach was used for posterior column acetabular fractures, and the ilioinguinal approach [23] or Stoppa approach [24] was used for anterior column acetabular fractures in most of the previous studies. [25] In our opinion, the ilioinguinal or Stoppa approach will lead to damage to the surrounding soft tissues and blood loss. There were no significant differences between the groups in the clinical outcomes reported in the previous studies.
This study with a large sample size compared the use of 3D printing technology with conventional method of contouring the plates in the surgical treatment of patients with both-column acetabular fractures. In addition, we used 3D printed reduced hemi-pelvis models to pre-contour the plates.
We found that the post-operative fracture reduction quality and the hip joint function in the 3D printing group were significantly better than those in the conventional method group. The pre-contoured plates contributed the most to this difference because the type of acetabular fractures and the surgeon were the same in both groups. The 3D printed reduced hemi-pelvis models may help in anatomically pre-contouring the plates to obtain good fracture reduction quality and hip joint function and reduce the risk of traumatic arthritis. In addition, the 3D printed reduced hemi-pelvis models may contribute to a reduction in the number of times the approach is performed and the amount of damage caused by the surgery. The operation time, the instrumentation time, and the time of intra-operative fluoroscopy were significantly shorter, and the blood loss and blood transfusion were significantly less in the 3D printing group than in the conventional method group. The complication rate was similar in both groups. One patient in the conventional method group had post-traumatic arthritis that was treated with total-hip replacement. These results extended those reported by Maini et al, [17] illustrating that fracture reduction quality and hip joint function in the 3D printing group were significantly better than those in the conventional method group. In addition, these findings confirmed that the operation time was significantly shorter and reveal that the time of intra-operative fluoroscopy was significantly shorter in the 3D printing group. This study indicated that a pre-operative virtual simulation with 3D printing technology was a more effective method for treating both-column acetabular fractures. This study reported significantly better clinical outcomes with the 3D method because the type of acetabular fractures and the surgeon were the same in both groups and the sample size was large. The results of this study provided compelling evidence for the surgical treatment of acetabular fractures and suggest that 3D printing technology appears to be effective for the surgical treatment of acetabular fractures.
However, some limitations should be noted in this study. First, although the types of fractures were classified by three experienced orthopedic doctors according to the Letournel-Judet classification, the results may be inaccurate because a few types of acetabular fractures cannot be classified according to the Letournel-Judet classification. Second, although our 3D printer (Prismlab Rapid400; Prismlab) can significantly shorten the time of 3D printing, the high cost of the 3D models printed by our 3D printer may limit the applicability of this method. Third, although the results in this study support our hypothesis statistically, the sample size may not be sufficiently large because bothcolumn acetabular fractures are very rare. Future studies with a sufficiently large sample size are necessary to confirm the effectiveness of the application of preoperative virtual simulations and 3D printing techniques in the surgical treatment of both-column acetabular fractures.
In conclusion, a pre-operative virtual simulation with 3D printing technology is a more effective method than the conventional method to treat both-column acetabular fractures. This method can shorten the operation and instrumentation time, reduce blood loss, blood transfusion, and the time of intra-operative fluoroscopy, and improve the post-operative fracture reduction quality. 
